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VARIATIONS IN STRUCTURE OF SUBTROPICAL CURRENT SYSTEM ACCOMPANYING A
DEEP POLAR OUTBREAK

CHESTER W. NEWTON

National Center for Atmospheric Research,! Boulder, Colo.

ABSTRACT

On February 4, 1960, a polar air mass penetrated in depth southward to the latitude of a trough in the subtropieal
jet stream. The subtropical and polar fronts amalgamated into a remarkably deep inversion, with temperatures
as high as —16° C. at 340 mb., much warmer than the tropical air farther south.

A brief discussion is given of the influence of flow curvature, and of curvature variation with height, on the
vertical shear of the wind. The actual shear differed in certain localities, by a factor of two to five, from the geo-

strophic thermal shear.

Temporary retrogression of the subtropical trough was accompanied by pronounced variations of kinematic
and thermal structure, which were in some ways similar to those observed when a minor trough deepens into 4 major
trough of the polar-front wave system. This retrogression was preceded by a westward movement of the wind-
speed maximum upstream, and followed by a westward movement of the one downstream. The subtropical front
was strong on the western side of the trough and absent on the eastern side early in the development; the reverse

was true in later stages.

1. INTRODUCTION

When minor troughs deepen upstream from and replace
existing major troughs in the middle-latitude westerlies,
asymmetrical structures are generally observed which
change in a regular sequence [10]. During the earlier
stages, winds near the tropopause level are strongest on
the upstream side of the deepening trough. After the
trough has achieved full development, the jet stream
reaches greatest intensity on the eastern side. A regular
sequence, of more or less the same kind, is observed in the
locations where the polar front is well developed in the
upper troposphere [6].

One of the aims of the present investigation was to dis-
cover to what extent regular changes of this sort charac-
terize the subtropical jet stream. In order to capture as
much of a full wavelength as possible within the observa-
tional network, so as to examine events both upstream
and downstream, situations were selected wherein troughs
in the subtropical wave system were located near 100°
W., central to the North American network. Moreover,
since the waves of the subtropical jet stream normally
remain almost fixed except when they are interacted with
by waves of the middle-latitude westerlies [3], a require-
ment was that a polar-front trough deepen far enough
south to have such an influence. Although such an inter-
action is most common between polar-front troughs and
subtropical jet-stream crests, for the sake of symmetry
within the aerological network it was considered desirable

1 Part of the analysis reported here was done while the writer was affiliated with the

University of Chicago (Office of Naval Research Contract Nonr 2121 (10), NR 082-161),
and with the U.S. Weather Bureau.

that the polar-front troughs coincide with the subtropical
troughs. Ounly the case for February 4, 1960, the most
extreme of these cases from the standpoint of intensity of
frontal development, is described below. The other two
(December 14-16, 1960, and January 11-14, 1961) were
qualitatively similar in regard to the principal aspects
described below.

2. EXTREME FRONTAL DEVELOPMENT WHERE POLAR
FRONT AND SUBTROPICAL FRONT OSCULATE

The synoptic situation at 0000 cmt February 4, 1960,
is shown iIn figure 1. At 500 mb., a cut-off cold Low lay
nearly above the surface cyclone. At 250 mb., the
warmest air was located a little south of the cold air
center in the middle troposphere; at 150 mb. no closed
circulation center was present.

At this time, the polar-air trough had come into juxta-
position with the trough in the subtropical jet stream. A
partial history of the development is summarized in figure
2 (see also fig. 7). The upper chart shows successive
positions of a 500-mb. contour which was closely identi-
fied with the polar-front jet stream, while the lower chart
shows consecutive locations of a contour in the general
neighborhood of the subtropical jet system. At the be-
ginning time (two days before fig. 1), the polar front was
nearly coincident with the latitude of the subtropical jet
near the west coast, but farther east meandered far north
of it. At the end, the polar-air boundary had migrated
to the latitude of the subtropical jet in the trough, while
east of the trough the two cwrrents remained separated.

The thermal structure in the cut-off Low, illustrated in
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Figure 1.—Isobaric charts at 0000 aur February 4, 1960: (a) 150 mb; (b) 250 mb.; (¢) 500 mb.; (d) 1000 mb.

in (¢), and at 100-ft. intervals in (d).

figure 3, was indeed remarkable. A layer of great
stability was present, 100 to 175 mb. in depth, with the
astonishingly high temperatures of —17° C. and —16° C.
at 330 and 340 mb., over Corpus Christi and Brownsville,
Note that the potential temperature differences (in the
vertical) between warm and cold air masses were 40° to
60° K.

The structure here is similar to that which has been
shown by Mohri [4, 5] in his analyses over the vicinity of
Japan. He ascribed the formation of stable layers of this
kind, which achieve depths and strengths far greater than
ever observed in the polar front alone, to a combination
of the polar front with the ‘‘subtropical front” which is
found in the upper troposphere near the subtropical jet
stream.

This interpretation is borne out by figure 4, a vertical
section approximately along the direction of the current

In (c), frontal boundaries
outlining cold-air dome are shown by heavy lines. Contours (solid lines) are at 400-ft. intervals in (a) and (b), at 200-ft. intervals

Isotherms (dashed lines) are at 2°C. intervals on upper-level charts.

at 250 mb. The soundings of figure 3 characterize the
central portion of this section,? where the upper part of
the polar-front dome osculated the subtropical front which
dipped to the lowest elevation in the vicinity of the upper
trough.?

Obviously the high temperatures near the upper part
of the frontal layer could have been produced only by
extreme subsidence, although the reason for the intensity
of the subsidence is not evident. Vertical motions were
computed from isentropic charts (not shown) at the 310°
K. and 330° K. surfaces. These (see fig. 4) lay within
the polar-front layer and near the middle tropopause which

2 One of the points of similarity in the two analogous cases noted in the introduction
was the nearly similar range of potential temperature through the combined frontal
layer.

3 No connection could be found between the frontal layér in the higher troposphere and
the surface front (fig. 1d), which was evidently very shallow.
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Ficure 2.—(a) Successive locations of 18,200-ft. contour at 500
mb.; (b) locations of 39,400-ft. contour at 200 mb., at 24-hr.
intervals. Double arrows in (a) show 12-hr. movement of
southernmost point of contour. In (b), arrows show 12-hr.
movements of ridge and trough between 0000 ¢mr February 2
and 0000 emT February 3. These correspond to features which
disappeared on later maps, to be replaced by a trough and a
ridge farther west.

is identified with the lower boundary ol the subtropical
front. Strongest descending motions were found over
El Paso at the upper of these surfaces (note, in fig. 1b,
strong crossing of winds and isotherms). This amounted
to dp/dt =7 ub.[sec. or w=—17 cm./sec. (near the 300-
mb. level); slightly smaller values of ascending motion
were found east of the trough. At the lower isentropic
surface in mid-troposphere, vertical motions west of the
trough did not exceed 2 to 3 ub./sec.

Thus there is evidence, in this case, that the magnitude
of vertical motions near the tropopause exceeded that in the
maddle troposphere. Tt may further be noted (fig. 3) that
lapse rates, in layers of appreciable depth above the frontal
inversion, were close to the dry adiabatic. Comparison
with stations upstream indicates a destabilization through
vertical stretching in these levels, concomitant with the
stabilization by vertical shrinking within the front.

3. SOLENOIDAL AND WIND FIELDS IN VICINITY
OF TROUGH

A vertical section in the central part of the trough of

figure 1, approximately normal to the strongest flow, is
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Fieure 3.—Soundings at stations in southern Texas, at 0000 T
February 4. Heavy dots show Mexico City temperaturcs at
standard levels.

shown in figure 5. The frontal structure indicated south
of Brownsville i1s partly conjectural, presumed similar to
that observed 12 hr. earlier. At that time, when the
polar-front zone was somewhat farther north, the observa-
tions over Texas showed a similar bifurcation of the sub-
tropical and polar fronts in the southern part, the two
frontal systems being joined farther north as in figure 5.
Still farther north, between Del Rio and Amarillo, the
lower boundary of the polar front was in evidence, but
the upper boundary could not be distinguished from the
stable air above. At Denver and Amarillo, the lower
boundary of the stable layer (0=324° K.) corresponded
to the middle tropopause which normally is continuous
with the base of the subtropical front [4].

Over the whole region hetween Brownsville and Denver,
the upper surface of the stable layer was 10° to 15° C.
warmer than the undisturbed tropical air, represented by
the Mexico City sounding. Over this wide range of
latitude, an abrupt reversal of the horizontal temperature
gradient took place just at the upper surface of the stable
layer. This was thus identified with the surface of mazimum
westerly geostrophic wind, which rose to high levels in the
north and descended to very low elevations in the south.t

4 In this case, the wind structure was inferred fromn the geopotential ficld. In both of
the analogous cases mentioned in the Introduction, direct observations showed the sheet

of maximuim wind was at high levels north of the jet core, and as low as the 400-mb. level
south of the jet axis.



104

1000

MONTHLY WEATHER REVIEW

Vol. 93, No. 2

FEET
60

70

354
SOJ

254

400

201 ¢
500 --20

850 —5 =

- "\_0 850

<——

1000

1000

493 ucc SIBG

' W ABQ
OAKLAND  YUCCA FLATS LAS VEGAS

(Wind } T[le
ALBUQUERQUE
winsLow TUCSON

HO®

2'70
EL PASQ

t
120°
4 FEBRUARY 1960

0000 Z ?

1 1

| [
OEL RI0  CORPUS CHRISTY

50

T
226 31 GREENSBORO 304
MONTGOMERY ATHENS CHARLESTON waryepng

240

LAKE CHARLES |
BURRWOOD

251 JACKSON

t t t
1016) 90° 80° LONGITUDE

IO’OO km
1
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Figure 5 affords an instructive example of the relation
between the vertical shear and the solenoid field. As seen
from figure 1, there was not only a fairly strong curvature
of the flow, but also an appreciable variation of curvature
with height. Forsythe [2] has given a general equation
for the variation of wind with height. Its scalar form is

aVI(yf——;-_le_V> l:f AV, 1 0K

oz oz 0z

Here V, is the geostrophic wind speed, V the component
of the real wind along V,, K the trajectory curvature, and
f the Coriolis parameter. Applications of equation (1) to
the structures of subtropical and middle-latitude wave
systems have been discussed in detail elsewhere [7, S].

Where 0V,/0z is very large, as within frontal layers, the
last term within the brackets of equation (1) can be
neglected by comparison with the first. Within the
frontal layer of figure 5, the wind observation at Corpus
Christi shows a mean vertical shear of 13 m./sec. per km.

-V (1)

Averaged between Brownsville and Del Rio, the thermal
shear through this layer was 28 m./sec. per km., a little
over twice as great. With a mean wind speed of 38 m./sec.
for the layer, and a trajectory radius of 900 km. determined
from the 300- and 500-mb. charts, the ratio f/(f+2KV)
in equation (1) is found to be 0.45, in close agreement with
the ratios of the real and thermal shears.

Above the front over Texas, the isotherms suggest a
strong decay of geostrophic wind with height, whereas the
actual decay was quite feeble. Over Corpus Christi, the
mean geostrophic thermal shear in the layer 300~150 mb.
was —9.3 m./sec. per km. compared with an average
shear of the measured wind of only —1.8 m./sec. per km.
Inspection of figures 1a and 1b suggests that the variation
of curvature with height cannot be neglected here, where
the cyclonic curvature decreases with height. This
variation reflects the circumstance that the trough was
much warmer at these levels, than were the ridges up- and
down-stream.
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Fieure 5.—Section approximately normal to strongest flow in trough line at 0000 gmr February 4.

Dashed lines are isotherms (°C.);

solid thin lines, isotachs (kt.) of total wind speed.

If « is the direction of the geostrophic wind, measured
counterclockwise from east, and distance along an isobaric
contour is denoted by [, the horizontal curvature of the
contour is K,=0«/0l, and

OK_0 (35 o (22
dz ~ 0z \ 2/ dl\dz

In figure 6, Vr denotes the thermal-wind vector through
a layer of thickness 8z, and V,y is the component of
From

thermal wind normal to the contour direction.

the diagram, the change of contour direction through the
layer is da=V,y/V, Since from the thermal wind
equation Vpy=6z- g(f1)~t (01/0l), we can write

Qa_ g _0oT
oz fTV, dl
On substitution into equation (2),

>z~ JIV, ol

Ficure 6.—Variation of contour curvature with height in relation to thermal wind, In detail at right, V,; is the geostrophic wind at

lower level, V., at upper level; ¥V, is thermal wind.

See text.
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An evaluation utilizing the mean of conditions at the
150- and 250-mb. levels (fig. 1), with the temperature
gradients measured over increments of 1000 km. up-
stream and downstream from the trough line near the
jet stream, gives O*T/ol*~15X107 deg. m.”2. Sub-
stituting V,=90 m./sec. in equation (3) gives 0K,/
0z=1.1 X107 m.72.  Analyses based on observed wind
directions indicated that the geodesic radius of curvature
[9] was about 700 km. at 300 and 250 mb., and 1200 km.
at 150 mb. The corresponding value of 0K,/0z agrees
fairly well with the variation of contour curvature with
height, computed above. Although the streamline curva-
ture was greater than that of the contours, this was true
at all levels in the layer.

The purpose of the above exercise is to emphasize that
wherever the thermal gradient is large and the isotherms
do mot parallel the contours, the possibility must be con-
sidered that the vertical wind variation is influenced by the
variation of flow curvature with height. Although extreme,
the thermal distribution in figure 1b is characteristic
of the lower stratosphere near troughs.

A computation above the upper frontal surface, based
on equation (1), gives a contribution from the first term
of —4.1 m./sec. per km., and from the second term of
41.7 m./sec. per km. The resulting net value for 0V/dz
is —2.4 m./sec. per km., which agrees well with the actual
shear. Note that in this case, since the curvature was
cyclonie, the factor in the first parentheses of equation (1)
diminished the shear (by a factor of 2.3). In addition,
the two terms in the second parentheses were opposed
insign. The combination of these circumstances accounts
adequately for the difference, by a factor of 5, between
the real and the thermal (geostrophic) shear.

4. ASYMMETRIES IN STRUCTURE

There were very marked asymmetries in the structure
of both the wind and thermal fields with respect to the
trough over central North America. These changed
with time, In a manner somewhat similar to what is
observed in middle-latitude troughs as mentioned in the
Introduction.

Discontinuous retrogression  of wind-speed maxima.—
Figure 7 shows the flow pattern at the 200-mb. level, at
12-hr. intervals from 0000 cmr February 2 through
0000 gmT February 5, 1960. A cursory inspection reveals
that throughout this period, there was a trough in lower
latitudes near 100° W., and regions of maximum wind
in the southwestern and southeastern United States.®

Between the times of figures 7b and 7e, the initial
lower-latitude trough (which had been moving eastward
at about 25 kt.) was replaced by another trough, which
deepened farther west while the original trough moved
eastward and filled. This change, although much more

5 These local concentrations of higher speed, such as the one shown by the isotachs

centered about Charleston in figure 7¢, will here be called ‘‘jet streaks”, in distinetion
to “‘jet stream’’ which refers to the current of maximum wind as a whole,
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subtle in terms of magnitude, is similar to the process
that takes place when a middle-latitude minor trough
moves into the long-wave major trough position [1, 10].
The retrogression in the subtropical trough was effected
in harmony with the deepening, in this location, of the
polar trough which had entered the west coast around
0000 gutr February 2. '

The overall changes in configuration of the contour
representing the subtropical wind system (fig. 2) were
very modest, during this 3-day period, in comparison
with the large shifts of position of the polar-front-current
systems. Nevertheless, changes of the wind field were
quite pronounced, as may be seen by inspection of the jet
streaks near the east and west coasts. T'wo of the more
striking changes are the discontinuous retrogression of the
western jet streak between figures 7a and 7b, and the subse-
quent retrogression of the eastern one between figures 7d
and 7e.

Because of the rapidity of the changes and the avail-
ability of adequate wind observations only at 12-hr.
intervals, it is not possible to examine the details of these
retrogressions. However, it may be pointed out that they
followed a regular sequence with the retrogressive re-
development of the subtropical trough. From inspection
of figure 7, the discontinuous westward shift of this trough
appears to have been centered roughly at 0000 gwmT
February 3; the jet-streak retrogressions on the western
and eastern sides took place about 18 hr. before and after
this time. This would correspond to an eastward speed
of the retrogressive “impulse’” of about 60 kt., which is
roughly equivalent to the group velocity of Rossby
waves in winter.

Note that in contrast to the most common pattern in
developing middle-latitude troughs ([10], pp. 28-29), the
jet streak on the western side did not migrate through the
subtropical trough to the eastern side. The behavior in
the present case is characteristic of the subtropical jet
stream, in which (see, e.g., [3]) it is very difficult to
dislodge the wind maxima from the crests.

The subtropical front.—Comparison of figures 8a and 8b,
two sections in the ridges west and east of the subtropical
trough, indicates that the frontal structure was asym-
metrical. At this time, prior to the retrogression of the
subtropical trough, the subtropical front was very prominent
on the western side but virtually absent on the eastern side.
Thirty-six hours later (figs. 8¢ and 8d), following the
retrogression, the situation was reversed, with a very strongly
developed subtropical front on the castern side of the trough.
This front was unusually pronounced, with an overall
temperature contrast up to about 15° C., which is compa-
rable to the contrast observed across a strong polar front
in the upper troposphere. Its slope, as is perhaps to be
expected because of the low latitude and anticyclonic
curvature, was about %o to Yoo, or appreciably weaker
than the typical slope of the upper-tropospheric polar
front.

It is not possible to examine the details all along the
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current, because of the limited network in lower latitudes.
However, it appears (from this and other cases) that the
frontal Jasymmetries characteristic of middle-latitude
troughs are also characteristic of the subtropical-current
system, when polar-air troughs interact with it.

Figures 8b and 8c are similar in that the subtropical
tropopause ‘““A,”” in the vicinity of 200 mb. near the
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Fioure 7.—200-mb. charts, Fcbruary 2-5, 1960. Dashed lines
are contours at 400-ft. interval; solid lines, isotachs at 20-kt.
intervals.

subtropical jet, was quite well marked. In figures 8a and
8d where the subtropical front was very strongly developed,
the subtropical tropopause was weak or absent. The pres-
ence or absence of this tropopause, below the real tropical
tropopause, reflects a difference in stability through a
deep layer of the upper tropical troposphere. This can
be appreciated from a comparison of the vertical spacing



108

MONTHLY WEATHER REVIEW

Vel. 93, No. 2

100 100 +—

150 150 |—
200 200 — —
250 250 |— —
300 —300— —
-40 — //_/——’”"/ ///// i
400 — 400}~ g //// ~~~~~~~ //:_/»—/""__———20 —
_30/ — ’___’_____,f/- e —
02/1 — 20 | “loyoesiez o
500 —C 7 T T — 500 T e ;
798 793 694 597 493 397 295 290 a9 307 sl 208 206 21 202 201 325 383
TTI SEA SLE  MFR OAK PGU LAX SAN DAY  BNA  AHN CHS JAX TPA MIA EYW HHA
Ve N VZ £ -y
<. N
55\\ et \\\ ~-70
- AN
N N N
| I —
100 y N \) — 00 _
/ /
~
N ~

150

200 200

250 — 250

300 300

400 400

-30-

c)o4/00z ——

500 T 500
398 295 290
PGU LAX SAN PIA

98 793 694

597
MFR

493

7
TTl SEA SLE QAK

202 Ol 325
MIA EYW HHA

! {
327 226 22l 06 l
BNA MGM VPS JAaX  TPA

Ficure 8.—Cross sections near west coast (left) and approximately along ridge over eastern United States and Caribbean (right), at

1200 Gyt February 2 (top) and 0000 gur February 4 (bottom).
In right-hand sections, upright numbers show speeds (kt.) and locations of jet-stream cores.

dashed lines are isotherms (°C.).

of the isotherms in the upper central portions of figures
8b and 8d. The same sort of contrast, between the
western ridge where the subtropical front was absent and
the eastern ridge where it was strong, is illustrated by the
composite soundings at 1200 amr February 4 in figure 9.

As illustrated by figure 10, the varying degree of
development of the subtropical front was connected with
differences of the thermal and kinematic structures over
a broad region. At 1200 awmr February 2 (fig. 10a)
when the subtropical front was absent, the surface of
maximum wind was nearly horizontal. Two days later
when the front was strong, the air above its upper surface
was appreciably warmer than the undisturbed tropical

Heavy lines mark boundaries of stable layers or tropopauses;

air to the south. The surface of reversal of baroclinaty
was thus near the wpper frontal surface, and the surface of
maxtmum wind had a marked downward tilt toward the
south. This feature was also present in the other cases
mentioned in the Introduction.®

A change of this general sort appears to be a necessary
concomitant of strong subtropical front development.

61t is appropriate to note that a tilt of the surface of maximum wind downward toward
the south is sometimes observed even when this is not indicated by the baroclinic field.
This is an influence of inertial motions, and has heen discussed in detail by Newton
and Persson [7]. In figure 10, and in analogous sections in the ridge at other times, the
increase of wind speed with height below, or the decay above, the subtropical jet stream
was up to 2 to 3 times stronger than the geostrophic thermal wind. This is due to in-
fluences of curvature in the ridges, in accord with equation (1).
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figure 8ec.

The overall temperature contrasts between undisturbed
tropical and middle-latitude air masses, and the overall
temperature lapse between the middle troposphere and
the level of the tropical tropopause, are relatively fixed.
This being the case, a concentration of a large part of the
baroclinity and stability within a frontal layer must take
place at the expense of the baroclinity and stability in the
air masses bounding the front. The creating of a well-
developed front thus has significant accompaniments in
the thermal (and kinematic) structures over a considerable
region embracing the front, not just in the immediate
vieinity of the front itsell

5. CONCLUSION

One objective of this analysis study has been to em-
phasize the large degree of variation in the structure of
the thermal and wind fields in different parts of the
subtropical wave system, and at different times. Saucier
[11] has cautioned against a too-ready acceptance of
“models” or of categorical statements about the features
of the subtropical jet stream, since the structure varies
greatly from one case to another. Thus, for example,
although the level of maximum wind in the subtropical
stream is most often found mnear 200 mb. (40,000 ft.),
in some situations it may be as low as 300-400 mb. or
10,000-15,000 ft. lower (as illustrated by figs. 5 and 10b).
Also the strength of the subtropical front may be very

Chester W. Newton

-40 T = :
— —_—— — - -
e AN Q7w
S0t —— ——— i
—_— -
m—fo%— sl r P | !
( ) 645 4é9 327 3 208 206 20 2?2 20t 3%5 355 3'53
G ! d HAVANA ‘GRAND CAYMAN

|
I DAYTON ATHENS JACKSONVILLE MIAME

CHARLESTON TAMPA KEY WEST GUANTANAMO

. 70
4— >
Y//
>
-

20—

5C0 ]r %“/_- —
| e .
( ) 7?4 837 520 405 308 317 304 298 206 COF 202 076 089 3é7
SAULT STE. MARTE { PITTSBURGH NORFOLK [ HATTERAS  JACKSONVILLE MIAMI i WATLING GUANTANAMO
FLINT GREENSBORO  CHARLESTON ELEUTHERA

Fieure 10.—Cross sections in ridge over eastern North America,
(a) 1200 ¢yt February 2; (b) 1200 emr February 4. Section
(a) is along line AA in figure 7b; section (b) is along line BB in
figure 7f.

different in diverse situations, with accompanying
variations in the temperature and stabilities in the upper
tropical troposphere.

Another purpose has been to point to certain features
worthy of further investigation. Thus, for example,
forecasters concerned with upper winds are certain to
be familiar with the fact that discontinuous retrogression
of the regions ol maximum wind in the subtropical jet
stream is a fairly common event. Yet very little appears
in the literature, either in the way of description or
explanation, concerning this phenomenon. It often
appears, as in the case described above, that such jet-
streak retrogressions occur (as do retrogressions of the
middle-latitude waves) successively downstream from
one another. Because adequate aerological networks
cover such small longitudinal sectors in the subtropics,
it is difficult to arrive at any systematic description of
this process. Nevertheless the suggestion is clear, that
events in one portion of the subtropical latitudes are
very likely affected by other events in distant locations,
both within the subtropics and at higher latitudes.
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CORRESPONDENCE

Comments on '‘Some Problems Involved in the Nu-
merical Solutions of Tidal Hydraulics Equations"

GUNTER FISCHER

Meteorologisches Institut, Hamburg 13, West Germany

In an article by Harris and Jelesnianski [1] several
references were made to a finite difference approximation
to the hydrodynamic equations which I have employed
for tidal and wind-stress computations in the North Sea

[2]. In the same notation as in [1], the scheme reads as
follows:

At X

17U =L Dy W, —Hi, AL V]
At

Virt=vy, g—AsDi,j[h,ﬁ,j+1—hu—1]—At[fU?fj]

At :
W =R =g p WU = U+ VEsh = Viia] (1)

This scheme is stable if f=0 provided At<+/2/(gD)As
but unfortunately gives rise to growing solutions if
rotation 1is involved. (The maximum -eigenvalue 1s
Amax| =v14-F7A22),  Instability was indeed observed by
the authors in a test computation (fig. 2 in [1]).

Since scheme (1) has the great advantage, in contrast
to the commonly used central difference scheme ((16),
(17), (18) in [1]), that only field values at time (m—1)
At are required it seems worthwhile to try to remove the

shortcomings of scheme (1). This is easily done if in
(1) the Coriolis terms are centered in time so that

JAUT,; and fAtV?E; are replaced by $(fAtUTT +fAtUY ) and

$(fALVET - JALVE ;) respectively.

becomes implicit. 1f a grid is used, however,

In this way the scheme
where both
U and V are defined at the same grid points, only a
systemn of two algebraic equations has to be solved for
the unknowns U274 and V73'.  Thus the new scheme can
be written

m fAt e -(At
Upy' =5 Vi =Utt;—5 = Dy
Al _—
[igr, 7 —hizr,4] +f Vi =X7,
At . ¢
Vm+1 f In+1 Vm — (/'ﬁg Di,j
At
(o, g1 s, 5-1] _"% Ur=Y1,
1 fAt
mAl . /7’"
Ut =— g | Xet @
14+
V?’.‘;“‘z———}g | -l X ]
1+—
bt =pm _ﬂ [OUpi!,—Untl 4 Vot —Veit]
5,7 1,7 2AS i+1,7 i-1,7 i, 7+17 i,j—1



